A fundamental objective in membrane biology is to understand and predict how a protein sequence folds and orients in a lipid bilayer. Establishing the principles governing membrane protein folding is central to understanding the molecular basis for membrane proteins that display multiple topologies, the intrinsic dynamic organization of membrane proteins, and membrane protein conformational disorders resulting in disease. We previously established that lactose permease of Escherichia coli displays a mixture of topological conformations and undergoes postassembly bidirectional changes in orientation within the lipid bilayer triggered by a change in membrane phosphatidylethanolamine content, both in vivo and in vitro. However, the physiological implications and mechanism of dynamic structural reorganization of membrane proteins due to changes in lipid environment are limited by the lack of approaches addressing the kinetic parameters of transmembrane protein flipping. In this study, real-time fluorescence spectroscopy was used to determine the rates of protein flipping in the lipid bilayer in both directions and transbilayer flipping of lipids triggered by a change in proteoliposome lipid composition. Our results provide, for the first time to our knowledge, a dynamic picture of these events and demonstrate that membrane protein topological rearrangements in response to lipid modulations occur rapidly following a threshold change in proteoliposome lipid composition. Protein flipping was not accompanied by extensive lipid-dependent unfolding of transmembrane domains. Establishment of lipid bilayer asymmetry was not required but may accelerate the rate of protein flipping. Membrane protein flipping was found to accelerate the rate of transbilayer flipping of lipids.
A fundamental objective in membrane biology is to understand and predict how a protein sequence folds and orients in a lipid bilayer. Establishing the principles governing membrane protein folding is central to understanding the molecular basis for membrane proteins that display multiple topologies, the intrinsic dynamic organization of membrane proteins, and membrane protein conformational disorders resulting in disease. We previously established that lactose permease of Escherichia coli displays a mixture of topological conformations and undergoes postassembly bidirectional changes in orientation within the lipid bilayer triggered by a change in membrane phosphatidylethanolamine content, both in vivo and in vitro. However, the physiological implications and mechanism of dynamic structural reorganization of membrane proteins due to changes in lipid environment are limited by the lack of approaches addressing the kinetic parameters of transmembrane protein flipping. In this study, real-time fluorescence spectroscopy was used to determine the rates of protein flipping in the lipid bilayer in both directions and transbilayer flipping of lipids triggered by a change in proteoliposome lipid composition. Our results provide, for the first time to our knowledge, a dynamic picture of these events and demonstrate that membrane protein topological rearrangements in response to lipid modulations occur rapidly following a threshold change in proteoliposome lipid composition. Protein flipping was not accompanied by extensive lipid-dependent unfolding of transmembrane domains. Establishment of lipid bilayer asymmetry was not required but may accelerate the rate of protein flipping. Membrane protein flipping was found to accelerate the rate of transbilayer flipping of lipids. 
T
here is limited understanding of how lipid environment affects membrane protein folding during exit from the translocon and insertion into the lipid bilayer or how dynamic changes in lipid environment affect the structure and folding of membrane proteins. Membrane protein lipid environment can change rapidly through lateral movement within a membrane, during trafficking along the secretion pathway, and locally in response to stimuli. Lipid environment is a determinant of transmembrane domain (TMD) orientation for several secondary transporters of Escherichia coli at the time of initial protein folding, as well as after final folding in the cell membrane (1) . We used lactose permease (LacY), the paradigm of secondary transporters throughout nature (2) , from E. coli as a model membrane protein to study how lipid-protein interactions determine inherently dynamic protein organization and function. When assembled in cells lacking phosphatidylethanolamine (PE), the net neutral and major phospholipid of E. coli (3) (Fig. 1) , LacY exhibits inversion of the N-terminal (NT) six-TMD α-helical bundle with respect to the plane of the membrane bilayer and the C-terminal (CT) five-TMD bundle (4); TMD VII becomes an extramembrane domain (EMD) exposed to the periplasm and acts as a molecular hinge allowing the two halves of LacY to respond independently to the lipid environment (4) . By use of genetically modified strains of E. coli in which the levels of PE in the bilayer can be controlled and titrated, the reversibility in both directions of LacY topological arrangement after membrane insertion and initial folding was demonstrated (5, 6) . Multiple topological isoforms of LacY stably coexist at steady state in the membrane governed by the level of PE in a dose-dependent manner (5) . Therefore, structural and topological organization of LacY is highly dynamic in a lipid-dependent, reversible, and bidirectional manner.
The contribution of additional cellular factors, such as the membrane protein insertion machinery, molecular chaperones, or membrane potential, cannot be ruled out by in vivo experiments alone. To determine the necessary and sufficient determinants for initial and postassembly lipid-dependent membrane protein dynamic topological organization, purified LacY was reconstituted into liposomes containing only lipids and LacY (7, 8) . The in vitro results mirrored the in vivo results in that the ratio of native to inverted topological LacY isoforms increased in proportion to the ratio of PE to the anionic lipids phosphatidylglycerol (PG) and cardiolipin (CL) in the proteoliposomes. Changes in the PE content after protein integration into proteoliposomes [fliposomes (7, 8) ] resulted in postassembly TMD flipping (Fig. 1) . Therefore, membrane protein folding and dynamic postinsertional rearrangements are thermodynamically driven processes dependent on intrinsic lipid-protein interactions that may not require other cellular factors.
We proposed the charge balance rule (1), which incorporates the influence of lipid environment into the positive inside rule (9) (10) (11) (12) that governs the orientation of TMDs in the membrane. We found a synergistic relationship between the effective positive charge of EMDs as cytoplasmic retention signals and the negative charge density of the membrane surface determined by
Significance
Understanding how a protein sequence folds and orients in a lipid bilayer is central to establishing the molecular basis for membrane protein organization. How lipid environment affects membrane protein organization is understudied. We established that membrane protein orientation is dynamic during and after assembly, dependent on membrane lipid composition, and independent of other cellular factors. We developed a proteoliposome system in which lipid composition can be controlled before and after membrane protein reconstitution and used it to assess the kinetics of changes in transmembrane domain (TMD) orientation and phospholipid flipping within the lipid bilayer triggered by a change in lipid composition. We demonstrate that membrane proteins can undergo rapid postassembly TMD flipping in response to changes in the lipid environment. the ratio of net neutral [e.g., PE, phosphatidylcholine (PC)] to anionic (e.g., PG, CL) lipids. Therefore, postassembly topological rearrangements in response to alterations in the lipid environment and/or posttranslational modifications, such as phosphorylation, may dynamically alter organization of membrane proteins (1) . The charge balance rule also provides a molecular basis for TMD orientation of proteins, such as the multi-drug transporter EmrE (13) , and low-molecular-weight transporters (14) in E. coli, which coexist as stable dual topological conformers in the membrane. Although several recent reports (15) (16) (17) independently demonstrate that initial lipid composition of proteoliposomes determines steady-state TMD orientation, evidence for dynamic reorientation postassembly in vitro is limited (7) .
The existence of reversible multiple topologies of a protein dependent on the lipid environment raises new questions and challenges current dogma concerning the mechanism of membrane protein topogenesis (1). However, due to the length of time between lipid exchange and biochemical assessment of the change in topological organization in proteoliposomes (7), no insight was possible into the kinetics, mechanism, or structural intermediates occurring during a change in lipid composition. How fast are the events occurring? Are they happening concomitantly or sequentially? Do the proteoliposomes exhibit some form of lipid asymmetry that assists the flipping process? Is a membrane protein extensively unfolded during reorientation? Fast topological switching would allow a protein to escape degradation due to protein quality control or to adopt a new structural organization, and possibly a new function, quickly. Herein, we have used time-resolved fluorescence spectroscopy to show that the process involves a sequence of events that starts with a change in the lipid composition of the outer leaflet of proteoliposomes, quickly followed by protein topological reorientation, and ending with a slower equilibration of lipid composition between the inner and outer bilayer leaflets.
Results
Use of Förster Resonance Energy Transfer for Topological Assessment.
We used Förster resonance energy transfer (FRET) between Trp and 1,5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid (IAEDANS) to follow topological changes in LacY in real time. A Cys replacement at position 331 (near the cytoplasmic end of TMD X) was labeled by IAEDANS as the acceptor of the FRET pair (Fig. 2) . Because the second half of LacY (from TMD VIII to EMD CT) does not undergo any lipid-dependent topological switch (18) , the labeled Cys331 will always remain on the outside of proteoliposomes. Starting with the single Cys at position 331, diagnostic Trp replacements were made in EMD NT, C6, or P7 at position 14, 205, or 250, respectively (Fig. 2) . These replacements were performed in LacY containing all six native Trp residues, providing higher stability to LacY compared with single Trp mutants (19) . We verified that these six Trp residues (all located in the NT seven TMDs) are silent to our FRET conditions (Fig. S1D ). To validate our approach, LacY containing a Trp located in either NT or C6 was purified from PE-lacking cells, labeled with IAEDANS, reconstituted in proteoliposomes made of varying amounts of PE and examined by FRET. We have previously established (7) that LacY is properly oriented in proteoliposomes containing a lipid composition mimicking WT cells (70% PE and 30% PG plus CL) (Fig. 1 ). In the misoriented conformer in proteoliposomes lacking PE and containing only PG and CL, EMDs NT and C6 face the lumen (7) . Additionally, we demonstrated a dose-dependent relationship between the amounts of PE in the proteoliposomes and the amounts of properly oriented EMDs C6 and NT, as detected by the substituted Cys accessibility method to determine TMD orientation (7) .
In properly oriented LacY (20) , the Trp positioned in NT or C6 is located ∼17 Å or ∼19 Å, respectively, from the acceptor at position 331 (Fig. 2) . However, when misoriented, the donor and acceptor will be on opposite sides of the membrane at a distance most likely ≥40 Å. Because the R 0 , the distance of half-maximal FRET intensity, of the FRET pair Trp-IAEDANS is 22 Å (21), we expected to observe FRET when the NT or C6 EMD is properly oriented, whereas there should be a significant FRET loss when these EMDs are misoriented. EMD P7 does not undergo transmembrane movement (4, 7) and should remain at a distance of ≥40 Å from position 331. The relationship between amounts of PE and measured FRET ( Fig. 2) closely mimics the previously established relationship between amounts of PE in proteoliposomes and proper orientation of EMDs NT and C6 (5, 7). These results, complemented by the extended set of control studies using steady-state reconstitution of LacY in proteoliposomes and real-time fluorescence measurements presented in Fig.  S1 (and in SI Results), establish the feasibility of the FRET measurements in estimating the topology of a single EMD.
Real-Time Measurement of Lipid Exchange in Proteoliposomes.
A methyl-β-cyclodextrin (MβCD)-induced lipid exchange protocol previously used (7) to demonstrate protein flipping in vitro was adapted to real-time measurements. Using E. coli naturally occurring lipids, we showed that lipid exchange between multilamellar vesicles (MLVs; donor lipid source) and proteoliposomes induced LacY topological switching, which was completed in less than 10 min at 37°C (7) . FRET experiments performed at this temperature led to kinetics that were too fast to monitor accurately. Therefore, all experiments were performed at 20°C to obtain initial rates. MLVs were separately labeled with the FRET donor lipid probe 6-[(7-nitro-2-1,3-benzoxadiazol-4-yl) amino]hexanoyl (NBD) in the head group of PE or the fatty acid of PG and PC. Proteoliposomes were labeled with the acceptor lipid probe (head group labeled Rhodamine-PE). Upon transfer of phospholipid from the MβCD-loaded MLVs to proteoliposomes, a FRET signal (detected as Rhodamine emission at ∼585 nm resulting from NBD excitation at ∼470 nm) increased due to the proximity of the donor and acceptor probes in trace amounts. We previously determined steady-state end points (7) under similar conditions using quantitative lipid analysis. Proteoliposomes initially containing only PG plus CL contained about 55% PE after mixing with MLVs containing only PE. Proteoliposomes initially containing 70% PE and 30% PG plus CL contained about 40% PE after mixing with MLVs containing PG plus CL (7). The results obtained for addition and dilution of PE are displayed in Fig. 3 A and B (black traces), respectively (the full set of results is presented in Fig. S2 ). The respective time constants from these experiments are shown in Fig. 3 and Table S1 .
Most of the MβCD-induced lipid exchange occurs in less than 1 min and reaches a stable maximum after about 3 min. Fluorescence changes were reproducible and very similar for the type of exchange (addition or dilution of a particular phospholipid) or the type of lipid (PE, PC, or PG) exchanged (Fig. S2) . Several NBD derivatives were used, having the NBD moiety grafted either onto the polar head of the phospholipid (NBD-PE) or onto one of the fatty acid tails (NBD-PG and NBD-PC). The lipid exchange kinetics observed when adding or diluting PE fit well to double, but not single, exponential functions ( Fig. 3 A and B , black trace). The fast and weighted time constants for PE exchange were 8.1 s and 24.5 s, respectively, compared with 9.7 s and 32.9 s, respectively, for PG exchange (Fig. 3 A and B , Bottom and Table S1 ). Interestingly, the NBD-PC and NBD-PG lipid exchange kinetics were fit better to single exponential functions with similar fast time constants of 7 s and 10 s (Fig. S2 and Table  S1 ). As a negative control, MLVs devoid of MβCD (no lipid exchange) were used, and FRET was monitored to verify that the variations observed in FRET are solely due to lipid exchange (Fig. S2) . Slight changes in FRET observed upon mixing without lipid exchange can be attributed to spontaneous lipid exchange and/or local proximity of the two probes occurring when MLVs and proteoliposomes come into physical contact. (Fig. 3B) . The actual increase (addition of PE) or decrease (dilution of PE) in FRET observed for NT and C6 EMDs is presented with the full set of results in Fig. S3 . Data for addition or dilution of PC are presented in Fig. S4 .
In both directions, protein flipping was rapid but lagged behind the rate of lipid exchange consistent with the previous topological studies (7) and steady-state FRET measurements (Fig.  2) , indicating that proteoliposomes must contain ∼10% PE to exhibit detectable amounts of properly oriented LacY. The protein flipping kinetics observed when adding or diluting PE fit well to double exponential functions. As indicated by the fast and weighted time constants, the rates of C6 flipping (34 s and 181 s, respectively) were faster than the rates of NT flipping (59 s and 564 s, respectively) for addition of PE (Fig. 3A and Table S1 ). Dilution of PE also showed faster flipping of C6 (26 s and 83 s, respectively) than NT (57 s and 391 s, respectively) ( Fig. 3B and Table S1 ). Flipping of C6 must occur concurrently with membrane exit or insertion of TMD VII, which acts as a molecular hinge allowing the two halves of LacY to respond independently to the lipid environment (6) . This rearrangement appears to precede NT flipping in both directions. Protein flipping occurred on a second to minute scale, although none of these phenomena seem to reach a steady-state under our experimental conditions, further confirming that protein topological switching happens Table S1 .
later and slower than lipid exchange. The fast time constant for flipping of C6 indicated a faster rate for PE dilution than PE addition, which was further accentuated in the weighted tau values, suggesting a greater contribution of the initial fast rate of flipping when PE was diluted. Interestingly, the fast and weighted time constants for PC dilution (29 s and 178 s, respectively) were essentially the same as for PC addition (28 s and 143 s, respectively) ( Fig. S4 and Table S1 ). The possible significance of these differences will be discussed later.
The P7 domain does not cross the membrane during changes in lipid composition consistent with little change in FRET. However, small increases in FRET signal were observed when PE was added to proteoliposomes (Fig. S3) . The native structure of the EMD P7 contains a continuous epitope that is recognized by the conformation-specific mAb 4B1 when LacY is in its native topological organization (22) (23) (24) . We have shown that refolding of this domain appears to be more energetically favorable than "unfolding" of the preexisting properly folded P7 domain by dilution of the PE level (7). The lipid-dependent conformational changes in the P7 domain most likely affect the Trp250 environment, resulting in small variations in Trp emission fluorescence and/or shortening of the distance between Trp250 and Cys331. This phenomenon was not observed in the case of PC addition (Fig.  S4) , consistent with E. coli-made PC being less effective in supporting the native conformation of the 4B1 epitope in vitro (25) .
As a negative control, MLVs devoid of MβCD (no lipid exchange) were used, and FRET was monitored to verify that the variations observed in FRET were due to lipid exchange (Figs. S2 A and B and S4). Another control was to trigger lipid exchange between proteoliposomes and MβCD-loaded MLVs having the same lipid composition. In this case, lipid exchange occurred without a change in phospholipid composition of the proteoliposomes or a change in fluorescence for LacY (Fig. S3 C  and D) .
Assessment of Lipid Asymmetry in Proteoliposomes. The original lipid exchange protocol was developed to create liposomes (lacking an incorporated membrane protein) with mammalian-like properties, including lipid asymmetry in the bilayer (26) . The formation and stability of lipid asymmetry using E. coli phospholipids have not been explored. Therefore, we designed a set of experiments to assess the transbilayer flipping of exchanged lipids in proteoliposomes. An established method for monitoring bilayer asymmetry is accessibility of NBD-labeled lipids to reduction with the water-soluble reducing agent dithionite (27) . Under our conditions, the fluorescently labeled lipid was first located in the MLVs, followed by transfer to the outer leaflet of the small unilamellar vesicles (SUVs) during MβCD-induced lipid exchange. We used either protein-free liposomes or proteoliposomes made of nonfluorescent lipids in which 10 mM dithionite was encapsulated in the lumen. If asymmetry is maintained, the NBD-labeled phospholipid (originally contained in MLVs) will remain on the outer leaflet of the SUVs, and its fluorescence will remain constant during lipid exchange. However, if transbilayer movement of lipid occurs, the lipid would be exposed to the lumen, where reduction of NBD would occur with accompanied quenching of NBD fluorescence. As expected, maximum NBD fluorescence was determined when only MLVs were present and minimal fluorescence was measured after detergent disruption of the vesicles in the presence of dithionite, leading to full quenching of NBD. The real-time measurement of NBD fluorescence quenching associated with lipid flipping is summarized in Fig. 3 (orange and gray traces) . The full set of results for lipid flipping is presented in Fig. 4 .
When protein-free liposomes were used, no significant quenching of NBD was observed over the course of 10 min, no matter the type of lipid exchange (Fig. 3 A and B , gray traces and Fig. 4 black  traces) , confirming that spontaneous lipid flipping is very slow.
Presence of a membrane protein under conditions where no protein flipping occurred accelerated the rate of lipid flipping to the same extent with the same fast and weighted time constants (Fig. 4 and Table S1 ). Lipid flipping was measured using either LacY (Fig. 4 , purple traces) when performing lipid exchange while maintaining the same lipid composition (donor MLVs and recipient proteoliposomes have the same lipid composition) or using nonflipping sucrose permease (CscB) (18) when performing an alteration of the lipid composition (Fig. 4, light blue  traces) . Finally, LacY-containing proteoliposomes were used under conditions where LacY (Figs. 3 and 4 , orange traces in both) undergoes TMD flipping (lipid exchange-induced modulations of PE amounts). In this case, we observed a further acceleration of transbilayer lipid flipping with both the fast and weighted time constants for PE addition (36 s and 128 s, respectively) (Figs. 3A and 4A, orange traces in both), indicating faster lipid flipping than for PE dilution (61 s and 477 s, respectively) (Figs. 3B and 4B, orange traces in both and Table S1 ). Because the processes monitored here did not reach equilibrium and could proceed long after lipid exchange is completed, we Table S1 .
decided to examine the extent of NBD quenching after 30 min of incubation. At this time point, we know that both lipid exchange and protein flipping have reached equilibrium. The results are presented in Fig. 4C . In the case of protein-free liposomes, less than 10% NBD quenching was observed, confirming the generation of asymmetrical vesicles. When using proteoliposomes containing LacY or CscB, about 50% or 40% of NBD quenching was observed, respectively. These results point out that lipid transbilayer movements are facilitated by the presence of an α-helical membrane protein inserted into the bilayer, confirming previous observations (28, 29) . The differences in lipid flipping rates observed when LacY is also flipping may be due to a specific association of LacY with PE, as will be discussed later.
Discussion
This is the first report to our knowledge of a real-time assessment of lipid-induced membrane protein topological flipping. The analysis of fluorescence kinetics led to determination of the sequence of events occurring during the resupply or dilution of PE (or PC), as well as a better understanding of the complexity of the events involved in the postassembly lipid-induced topological rearrangement of LacY. For each measurement, the individual time constants reflect the complexity of the events, whereas the weighted average time constants reflect the global order of the events. A summary scheme of these various events is presented in Fig. 5 .
Because PE exchange kinetics fit double exponential functions and PC exchange kinetics fit a single exponential function, PE exchange appears to be more complex than PC exchange. Although PE and PC share the ability to dilute the high negative charge density of the membrane surface due to PG and CL, they mainly differ in their ability to form a lipid bilayer. The nonbilayer-prone properties of PE could lead to variations in the membrane curvature of proteoliposomes as the PE content is varied, which would not occur when varying PC content. This difference in properties could account for the divergent kinetics of exchange.
After triggering lipid exchange, protein flipping and lipid transbilayer flipping showed clear double exponential time courses. Because the lipid modulation acts to trigger topological rearrangement, the double exponential nature of this lipid stimulus will necessarily reverberate onward to any subsequent processes. In the case of PC, despite the single exponential nature of the stimulus, each subsequent event displayed a double exponential time course as well, which reflects the complex nature of the events leading to membrane protein topological rearrangement.
Besides the surprisingly rapid rate of lipid-induced protein flipping, a differential effect of LacY protein flipping on transbilayer movement of NBD-PE was observed depending on whether PE was added or diluted. The time constants for NBD-PE transbilayer flipping were similar for CscB and LacY under conditions where no protein flipping occurred. However, under conditions where LacY flipping occurred, there was a significant acceleration in the fast rate for NBD-PE transbilayer flipping during addition (36 s) vs. dilution (61 s) of PE. Flipping of C6 occurred about as fast as lipid translocation during addition of PE (34 s vs. 36 s), whereas the rate of C6 flipping was accelerated during the dilution of PE (26 s) over the rate of lipid translocation (61 s). The latter differences are even greater for the weighted average time constants. These results suggest that LacY flipping accelerates the rate of PE translocation during addition of PE even though the rate of LacY flipping is slower than when PE is diluted. How can these differences be rationalized? Suárez-Germà et al. (30, 31) demonstrated by FRET between pyrene-labeled lipids and LacY containing a single Trp residue that PE preferentially associates with LacY due to the exclusion of PG and CL. When adding PE to PG/CL proteoliposomes, newly introduced PE could preferentially interact with LacY and rapidly displace PG/CL from the annular region, resulting in LacY flipping accelerating PE flipping. A lower degree of asymmetry would be generated at early time points because LacY flipping would equilibrate PE more rapidly across the bilayer. During dilution of PE, the newly introduced lipids (including NBD-PE) may not displace PE molecules already tightly associated with LacY as rapidly. LacY topological rearrangement may initially only drag along associated PE, resulting in a decreased rate of NDB-PE flipping and generating bilayer lipid asymmetry at early time points that might accelerate LacY flipping. These results suggest that bilayer lipid asymmetry (higher during PE dilution) accelerates the rate of protein TMD flipping. There was little difference in the rate of C6 EMD flipping in experiments where PC was added or diluted with PG. This may be due to the reduced ability of PC vs. PE in supporting native structure and function of LacY in vitro (25) . Future experiments with proteoliposomes exhibiting asymmetrical lipid distribution need to be carried out and would be of particular interest with respect to lipid asymmetry in biological membranes.
The results presented here demonstrate that (i) lipid exchange occurs first on a second-scale at 20°C and is followed by protein topological rearrangement and transbilayer movement of lipid, (ii) protein flipping occurs rapidly on a second to minute scale at 20°C, (iii) the hinge region (C6-TMD VII-P7) constitutes the lipid-sensor region undergoing the earliest topological rearrangement in both directions, (iv) transbilayer lipid flipping (Fig. S1D) indicates we are measuring only events related to the added Trp residues. Although numerous structural changes are occurring during protein flipping, the small changes in endogenous Trp residue fluorescence indicate there is surprisingly little unfolding of the NT six-TMD helical bundle. Therefore, it is unlikely that the lipid-dependent fluorescence changes and subsequent FRET associated with Trp residues in NT and C6 are mainly due to local unfolding events rather than protein flipping. In addition, we know that the P7 domain undergoes sufficient structural changes to affect its recognition by a mAb (22) (23) (24) . However, lipid-dependent changes in P7 fluorescence and resulting FRET were very minor (Fig. S1C) .
Preliminary measurements of protein flipping at 37°C in our system were too fast to measure with any precision. This phenomenon would therefore occur fast enough in vivo to be of physiological significance with no mandatory requirement for other cellular factors. Assuming a Q10 (the fold change in a rate for a change of 10°C in temperature) of 2 for these events suggests that protein topology switching and lipid flipping might occur ∼3.5-fold faster at physiological temperatures. The rapid rate at which such topological changes occur in the absence of other cellular factors supports the possibility of such interconversions in any cell membrane at any time. Thus, demonstration of rapid topological switching may explain lipid-dependent postassembly functional changes and responses to stimuli in other membrane proteins. Because changes in the net charge of EMDs also affect orientation of neighboring TMDs (1), phosphorylation of membrane proteins may also result in rapid topological changes.
Methods
More detailed methods and results can be found in SI Methods.
Strain AL95 (null for PE and LacY synthesis) with (PE-containing) or without (PE-lacking) plasmid pDD72GM (encodes for PE synthesis) and strain AL95 with plasmid pAC-PCSlp-Sp-Gm (encodes for PC synthesis in place of PE) were grown (6, 32) and used to prepare lipid extracts for preparation of proteoliposomes, protein-free liposomes, and MLVs (7) as previously described. Strain AL95 with or without plasmid pDD72GM (6) was used as the host for expression of plasmid pT7-5/C-less LacY (ampR, ColE1 replicon) encoding LacY in which Cys residues are replaced by Ser, plasmid pT7-5/C-less LacY/ V331C (ampR, ColE1 replicon) encoding a single Cys replacement at Val331 in otherwise Cys-less LacY, or plasmid pSP72/CscB-WT (ampR, ColE1 replicon) encoding WT CscB; plasmids were provided by H. R. Kaback (University of California, Los Angeles). Trp replacements were made in EMDs NT, C6, and P7 at positions 14, 205, and 250, respectively ( Figs. 1 and 2 ). All LacY derivatives and CscB were purified from cells grown as previously described. Labeling of LacY with IAEDANS was carried out at 100 μM protein in 10 mM Tris·HCl/0.05% β-D-dodecylmaltoside (pH 7.5). Lipid exchange was carried out using a modified protocol (7) adapted from Cheng et al. (26) . Real-time lipid exchange was monitored at an excitation wavelength of 470 nm (for NBD) and at an emission wavelength of 580 nm (for Rhodamine), both with a 0.5-nm band pass. Real-time protein flipping was monitored at an excitation wavelength of 295 nm (for Trp) and at an emission wavelength of 475 nm (for IAEDANS), both with a 1-nm band pass. The transbilayer flipping of head group-labeled NBD-PE was measured using the dithionite method (27) .
